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An azo dye (E)-4-hydroxy-3-methoxy-5-((3-nitrophenyl)diazenyl)benzaldehyde (AD) was synthesized and characterized using elemental
analysis (CHN), 'H NMR, 3C NMR, ATR-IR and mass spectrometry. The DFT calculations with B3LYP/6-311++g(d,p) (gas phase/
ethanol) were performed with Gaussian 16 to understand the structural features, azo-hydrazone tautomerism and electronic absorption
characteristics of the titled compound. Conformations were analyzed in the gas phase and in ethanol by a relaxed potential energy scan.
The azo tautomer in ethanol was found to have the lowest energy (-1080.65601 Hartree). A comparison between the computed UV-Vis
spectra using TD-DFT and the experimental spectra indicates that the azo and hydrazone tautomers coexist in equilibrium in ethanol. This
alignment suggests the presence of both forms in solution, contributing to the observed spectral characteristics. The dye is pH-responsive
and dichromic. It changes colour from pale yellow in acidic medium to orange in basic medium. The computed absorption spectrum of
the azo (low pH form) and the enolate ion (high pH form) correlated well with the experimental results. Analysis of the molecular orbitals
involved in the electronic transitions of the dye reveals that the new absorption peak observed in the enolate ion form (Amax = 466 nm)
arises from a combination of transitions, specifically from the HOMO to LUMO+1 and HOMO-1 to LUMO+1. This mixed character of
transitions contribute to the distinct spectral feature associated with the enolate form. The dye was successfully tested as an effective indicator
for strong acid-strong base titrations. It may further be developed as an optical switch for pH-responsive applications. The HOMO-LUMO
gaps for the azo, hydrazone and enolate ion forms are 3.37, 2.82 and 2.33 eV, respectively.
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INTRODUCTION Azo dye synthesis is simple and is typically performed in
an aqueous medium. Experiments as well as computational

The aromatic azo (-N=N-) compounds are versatile, strik-  studies have been used to understand the substituent effects,
ingly coloured artificial organic dyes that have been used for ~ tautomerism and solvatochromism in azo dyes and how they
centuries. Applications based on colour include use as food  influence colour [22-26]. Azo dyes are recognized as smart
colorants, dyes for fabrics and leather, indicators in titrimetric ~ @nd intelligent materials [27-31]. Recent innovations include
analysis, chemosensors in analytical chemistry and cosmetics (€ Synthesis of a polyazo dye (a universal acid-base indi-
[1-3]. Photochromism, light-induced conversion from trans-(E) ~ Cator) by diazotizing aniline and coupling it with sulfanilic acid
to cis-(Z) form, has wide applications in material sciences, ﬁnd N,II\I-dlmethylgmll?e [32]|_'| Be?_zotlhlazole-bags;d ilzqtdgles
biology, memory-based applications, bioimaging and capture BZ\:teV\Z\IS thTe[rgae] h:f,e%\'ev{,&op%% E;Hs-iggggsns[ive] 'amg;ror%/é
and Fe'ease OT drugs [4'9.]' Azobenzenes also exhibit notab!e based azo dye that functions as a chemo-reversible colorimetric
nonlinear optical properties (NLO) [10-12]. The chromogenic

: : | fluorescent probe for Al(I11) ions in semi-aqueous medium [34].
properties of azo dyes enable spectrophotometric detection of Recently, Mestry et al. [28] synthesized vanillin-based imine-

metal ions and anions in solution [13-16]. Beyond colour-based 57 dyes that exhibited strong pH sensitivity and colour tran-

applications, azo compounds are known to have antiviral, anti-  sitjons, making them useful for smart packaging applications.
fungal, antioxidant, antibacterial and DNA-binding abilities  purwono et al. [35] have synthesized azo-imine derivatives
[2,17-21]. of vanillin-based dye, which change colour above pH 9.
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Classical methods like titrimetric analysis work well at higher
concentrations and need no special calibration, making it a
method of choice for cost-effective analysis of analytes [36,37].
Acid-base titrations rely extensively on visual indicators to
determine the endpoint of a titration. The colour change is attri-
buted to structural changes, i.e. electronic distribution within
the weakly acidic or basic organic compound [36,38]. The
ionized and non-ionized forms of the organic dyes have diffe-
rent colours. If the pH of the solution is less than pK;, the acidic
form dominates; if the pH is more than pKj, the basic form
dominates.

HI + H,O — I + H;0* 1)
a_xa, .
pk, = ——> )
aHI

Dichromic indicators exhibit a colour change interval (egn.
3) influenced by factors such as human colour perception, the
ionic strength of the medium and salt error. These variables can
alter the apparent transition range and accuracy of the indicator
in analytical applications.

ApH=pK; 1 ©))

This study investigates the use of (E)-4-hydroxy-3-
methoxy-5-((3-nitrophenyl)diazenyl)benzaldehyde (AD) as a pH
responsive indicator and computationally explores the structure
property relationships of AD [39,40], an azo dye with a colour
change near pH 7. Azo dyes such as methyl orange (pH 3.1-
4.4) and methyl red (pH 4.4-6.2), which change colour well
below pH 7, are suitable for strong acid-weak base titrations
[38]. Most azo dye indicators shift colour in highly acidic or
basic pH ranges. Phenolphthalein, a triphenylmethane dye, has
a transition range of 8.2-10.0. AD differs from methyl orange
and methyl red, mainly due to the nature and position of its
substituents, which function as auxochromes. Unlike methyl
orange and methyl red, AD exhibits inverse colorimetric beha-
viour, appearing yellow in acidic conditions and bright orange
in basic conditions, with a distinct change near pH 7 (pKa =
6.72 + 0.02). We evaluate the potential of the titled compound
AD as an indicator for a strong acid-strong base titration using
varying concentrations of NaOH, HCI and C,0.H, and to our
knowledge, this has not been previously reported. Computa-
tional analysis of AD offers insights into its electronic, optical
and structural properties. We examine the structures of the azo,
hydrazone and enolate forms to study their pH-dependent
behaviour, calculate HOMO-LUMO gaps and compare the
computational results with the experimental data. These results
will help in designing new compounds based on this scaffold
and improving their properties for targeted applications.

EXPERIMENTAL

All reagents were procured commercially and used as such.
Sodium nitrite, 3-nitroaniline, N,N-dimethyl formamide, acetic
acid, sodium bicarbonate and sodium hydroxide were purch-
ased from Loba Chemie Pvt. Ltd., India. Vanillin was purch-
ased from Central Drug House Pvt. Ltd., India, hydrochloric
acid from Thermo-Fisher Scientific Pvt. Ltd. and potassium
chloride from Avarice Industries, India.

Characterization: The IR spectrum was recorded on
Nicolet iS50 FTIR Tri-detector, Gold flex spectrometer-Gold

optics with 0.09 cm™ resolution, DLaTGS detector with KBr
window, Ge-on-KBr beam splitter (7800-350 cm*) 50 Build-
in Diamond ATR module and scanning range 4000-400 cm™L.
The 'H & °C NMR spectra in DMSO-ds were recorded on a
JEOL, Model: INM-ECZ 400S, 400 MHz instrument with TMS
as the internal standard at 25 °C. The mass spectrum was reco-
rded on a VVanquish Neo UHPLC and Orbitrap Exploris 480 MS
(Thermo-Scientific). Elemental analysis (CHN) was perfor-
med on Elementar Analysensysteme Germany, Model: Vario
Micro Cube. The absorption spectra were measured using
Labtronics UV-vis spectrophotometer, model no. LT-1900
double beam spectrophotometer, using a quartz cuvette with
a path length of 1 cm.

Preparation of solutions: Buffer solutions (pH 1-13) were
prepared by standard methods [37]. The dye was dissolved in
ethanol (3 x 10~* mol/L). Two drops of the dye solution were
added to 2.5 mL of buffer solution (pH 1-13) taken in test
tubes. The electronic absorption spectra of the solutions were
recorded at room temperature.

Titration: Acid-base titrations were performed using
different concentrations of HCI/H2C,04 as titrand and NaOH
as titrant to assess the suitability of AD as an indicator. 10
mL of acid was pipetted in an Erlenmeyer flask and titrated
against NaOH using two drops of AD as indicator. The compa-
rative titrations were performed using two drops of phenolph-
thalein per titration as a standard indicator. Trials were repeated
thrice and the mean and standard deviation for each type of
acid-base titration was calculated.

Synthesis of (E)-4-hydroxy-3-methoxy-5-((3-nitro-
phenyl)benzaldehyde (AD): A mixture of 1.5 mL of distilled
water and 1.5 mL of conc. HCI was prepared in a test tube and
subsequently placed in an ice bath to maintain a low temper-
ature during the reaction process. 3-Nitroaniline (0.6907 g, 5
mmol), NaNO, (0.3454 g, 5.1 mmol) and 1.5 mL of distilled
water were added to a beaker and magnetically stirred while
maintaining the temperature between 0-5 °C, by placing the
beaker in an ice bath. The contents of the test tube and beaker
were mixed and stirred gently for 10 min. Vanillin (0.7607 g,
5.5 mmol) was added to 4 mL of 10% NaOH solution in a
beaker and stirred magnetically. The beaker was then placed
in an ice bath to maintain the temperature between 0-5 °C.
The contents of the two beakers were mixed and magnetically
stirred for 10 min. Distilled water was added to the mixture
and a suspension was obtained. The residue was Bichner-
filtered, washed with distilled water, collected and left to air
dry (Scheme-1). The crude product was subsequently recryst-
allized with ethanol. AD is maroon-red in colour, with a
melting point range of 176-180 °C. The yield of AD is 80%.
Elemental analysis found (calculated): C: 55.59 (55.82); H:
3.477 (3.68); N: 14.28 (13.95) %.

Computational studies: All theoretical studies were per-
formed using the Gaussian program package Gaussian 16,
revision C.01 with GaussView 6 [41,42]. A relaxed potential
energy surface scan was used to study conformations in the gas
phase and ethanol. Geometry optimizations and frequency
calculations of the azo, hydrazone and deprotonated form of
AD in the gas phase and ethanol were performed by DFT using
the RB3LYP functional, 6-311++g(d,p) basis sets for all atoms
and the polar continuum model (PCM) to mimic the solvent
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Scheme-I: Schematic representation of the chemical reactions involved in the synthesis of dye AD

environment. B3LYP/6-311++G(d,p) provides a great balance
between computational efficiency and accuracy for modelling
HOMO-LUMO gaps and charge transfer in azo dyes [43].
Polarizable Continuum Model (PCM), which treats solvents
as a continuous polarizable medium, can capture the ethanol-
induced shifts in the electronic spectra and also stabilizes
charge-separated states in TD-DFT calculations [44].

No imaginary frequencies were found. The electronic spectra
of the optimized structures were computed by TD-DFT at the
same level of theory in ethanol using the PCM model. The *H
and *C NMR spectra of the optimized structure in DMSO
were calculated using the GIAO method. To understand the
origin of the transitions, molecular orbital analysis of the tauto-
meric and the deprotonated form of the dye was performed.
Experimental and theoretical results for NMR, IR and UV-vis
were correlated and statistical analysis was performed to pre-
dict the suitability of the computational studies. The R? (coeff-
icient of determination) and RSDM (root mean squared devi-
ation) values were calculated.

RESULTS AND DISCUSSION

This study explores the structure of the synthesized com-
pound AD and its ability to function as a pH sensor. The dye
is synthesized by the conventional diazo coupling reaction.
'H NMR, *C NMR, CHN analysis, ATR IR and mass spectro-
metry have been used to characterize the synthesized dye. The
ortho hydroxyl azo dyes exhibit intramolecular hydrogen
bonding and may exist as the azo or hydrazone tautomer or
an equilibrium mixture of the two. Since the dye is soluble in
ethanol, the computational studies were carried out in the gas
phase and in ethanol. The experimental and computed results
have been compared.

Structure and conformational analysis: The optimized
structure of dye AD (azo tautomer), at the B3LYP/6-311++G
(d,p) in ethanol, is shown in Fig. 1. The FTMS + p ESI spec-
trum is presented in Fig. 2. The [M+H]" obtained at 302.07
confirms the formation of the dye AD. Table-1 lists the pro-
posed fragments observed in an FTMS + p ESI spectrum of
AD.

Azo compounds with a hydroxyl group conjugated with
the azo group exhibit tautomerism [45]. This holds true if the
OH group is ortho or para to the azo group [46,47]. The proton
of the hydroxyl group is labile and migrates to the nitrogen
of the azo group, establishing an equilibrium between the azo
and hydrazone form [46]. In dyes where tautomerism exists,
one tautomer may be dominant under a set of conditions or both
may exist in equilibrium [3,48,49]. However, an electron-
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Fig. 1. The optimized structure of AD
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TABLE-1
PROPOSED FRAGMENTS OBSERVED IN AN
FTMS + p ESI SPECTRUM OF AD DYE MOLECULE

m/z Proposed fragment
302.07 [M+H]*
246.86 C1HO:N
205.99 C1203N
182.98 CsHOsN3
155.97 C40sN2
141.96 C40sN
132.96 C2HOsN>

donating group favours the enolic form and an electron-
withdrawing favours the ketonic form. Hydrogen bonding to
the solvent and steric hindrance in a molecule also affect the
stab-ility of the tautomers [50]. A relaxed potential energy
surface scan at the B3LYP/6-311++G(d,p) level of theory was
used to find the most stable conformer of dye AD in the gas
phase and ethanol. All geometrical parameters were simult-
aneously relaxed while the dihedral angle Cs-N1g-N19-Cao
was scanned. The variation in energy (gas phase/ethanol) vs. the
dihedral angle is shown in Fig. 3. The hydroxyl hydrogen (ortho
to azo linkage) is within hydrogen bonding distance to the azo
nitrogen. As the dihedral angle is scanned, the azo tautomer
converts to the hydrazone tautomer. This was true for the gas
phase scan and the scan with ethanol as the medium. The lowest
energy structure is obtained for the azo tautomer in ethanol.
The azo form is slightly more stable than the hydrazone form
by 0.1757 kcal/mol in ethanol. The structures (gas phase/
ethanol) and energy values for the azo and hydrazone tautomers
are depicted in Fig. 3. The small energy difference between
the tautomers suggests that the azo and hydrazone forms may
exist in equilibrium in solution.
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Fig. 3. PES scan for dihedral angle Cs-N1s-N19-C20 of the dye AD by B3LYP/6-311++g(d,p) method in the (a) gas phase and (b) ethanol

IR spectral analysis: The ATR-IR spectrum of the dye
was recorded between 4000-400 cm™. The major IR bands
are displayed in Fig. 4. The absence of a broad strong signal
associated with the hydroxyl group in the infrared spectrum
suggests that the hydrazone form may dominate in the solid
state [43]. The vibrational frequencies obtained at the B3LYP
/6-311++g(d,p) level of theory were scaled by 0.967 [47,51].
The R? value of 0.9952 indicates an almost linear relation-
ship, suggesting the theoretical model (after scaling) is good
at predicting the IR frequencies. The RMSD value of 48.64
cmtis a reasonable error margin [51,52]. The highest contri-
butor to the error being the C—H (CHO) stretch. The computed
and experimental infrared frequencies were compared and the
results are summarized in Table-2.

NMR spectral analysis: The structure of AD was further
verified by recording the *H and 3C NMR spectra in DMSO-ds

TABLE-2
EXPERIMENTAL AND COMPUTED IR
FREQUENCIES FOR AD DYE MOLECULE

IR stre_tching Experimental Theoretical
frequencies (cm™) (scaled) (azo)
NO2 symmetric stretch 1348 1357
N-N 1525 1524
C=0(CHO) 1673 1716
NOz asymmetric stretch 1589 1553
C-H (CHO) 2834 2932
O-H 3097 (weak) 3116
C-H(CHza) — 3020

(Fig. 5). The hydroxyl proton appears as a singlet 5 11.6 (s, 1H,
OH) and the computed spectra for the optimized structure using
the GIAO method predicted a chemical shift value of 14.2.
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The aldehyde proton appears at § 9.9 (s, 1H, CHO), close to
the computed value of 6 10.1. The methyl protons appear at
83.97 (s, 3H, OCH3). The aromatic protons resonate between
8 7.5-8.5 (m, Ar—H) as multiplets and matched well with the
computed values. The 1*C NMR spectrum of AD compound
shows characteristic peaks for the aldehyde carbon at § 191.5
(CHO), which is close to the theoretically calculated value of
8 197.8. The methoxy carbon appears at 8 56.2 (OCH3), close
to the computed value of 3 56.2 (OCH3). The hydroxy substi-
tuted aromatic carbon, which is important for the identifica-

ppm
Fig. 5. '"H NMR and 3C NMR spectra of AD dye molecule in DMSO-ds solvent

tion of the compound, appears at & 152.5 (C—OH) [53]. Table-3
compares the computed and experimental *H NMR and *3C
NMR chemical shift values. The R? and RMSD for the *H NMR
are 0.981 and 0.834 ppm and *C NMR are 0.957 and 9.32
ppm, respectively.

pH-dependent spectrophotometric response correla-
tion of experimental and computational studies: The spectrum
of the AD dye (3 x 104 M) in ethanol is presented in Fig. 6.
The computed absorption spectra for the azo and hydrazone
forms of AD obtained by TD-DFT at the same level of theory
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TABLE-3
EXPERIMENTAL AND COMPUTED (B3LYP/6-
311++g(d,p)/GIAO) *H AND *3C ISOTROPIC CHEMICAL
SHIFTS (A, ppm) WITH TMS AS REFERENCE

Experimental chemical Theoretical chemical

Atoms shift value (ppm) shift value (ppm)
Hi. 11.5905 14.2776
Hao 9.9248 10.1032
Has 8.8696 9.2189
Hao 8.52385 8.6342
Has 8.4184 8.5906
Has 7.94495 8.1743
Hos 7.9158 7.9074
H7 7.57465 7.5855
His 4.0194 4.459
Hie 3.9711 3.9715
Haz 3.8891 3.9703
Cs 191.5363 197.8689
C2o 152.2508 157.3888
Ci 152.5594 156.7721
Cas 148.8249 156.0341
Cz 150.3281 155.7469
Ca 127.5514 144.4335
Cs 138.7315 142.3708
Cs 115.8379 141.6071
Cx 130.9029 135.9167
Cs 131.0269 134.2025
Czr 125.4513 131.4807
C2 114.5325 114.2556
Cs 111.9039 113.9151
Cus 56.2081 57.925

in ethanol are compared with the experimentally obtained
spectrum of dye in ethanol (Fig. 6). The computational study
on the azo AD dye and hydrazone tautomers in ethanol reveals
that both the azo and enol forms can exist in equilibrium in the
solution. The solution of the dye in ethanol is yellow-orange
in colour. The experimentally obtained spectra in ethanol show
a broad absorption spectrum encompassing the absorption
regions of both azo and hydrazone forms. Hydrogen bonding,
pH, dilution effects, substituent effects, solvents, crystalliza-
tion and nanocage effects influence the tautomerism in azo
dyes [47]. The geometry-optimized structure reveals that the

hydroxyl hydrogen is in hydrogen bonding distance to the azo
nitrogen (1.6952 A) and locks the molecule in the trans- confor-
mation in the azo form. The dipole moment of the push-pull
type molecule is fairly large, 6.68148 D. In the hydrazone
form, the NH group is also within hydrogen bonding distance
to the oxygen (1.7376 A). The dipole moment is computed to
be 6.3523 D. Hydrogen bonding diminishes the electron density
on the azo nitrogen, making the molecule stable towards
photochemical oxidation.

A simple experiment was designed to examine the colour
of compound AD under different pH conditions. The hydroxyl
substituent in AD is expected to make the dye pH-responsive.
Under basic conditions i.e., high pH values, the hydrogen ions
participating in hydrogen bonding are lost, forming the eno-
late ion [47,54]. A simple visual comparison of the dye colour
in the buffer solutions spanning a range of pH values from 1-13
revealed two distinct colours, yellow and orange (Fig. 7a).
The change in colour from yellow to orange corresponds to a
transition from an acidic to a basic solution, the colour orange,
first appearing at pH 7. The proposed structures under acidic
and alkaline conditions are depicted in Fig. 7b. The colour
change is attributed to the deprotonation of the hydroxyl group
in the basic medium. The UV/visible spectra of AD in a series
of buffer solutions are presented in Fig. 7c. New absorbance
peaks develop in the basic region.

The predicted absorption spectra of the protonated (azo)
and the deprotonated form of AD (enolate ion) to simulate the
effect of low and high pH values are presented in Fig. 6a. The
experimental UV/vis spectrum of AD under acidic conditions
mirrors the theoretically predicted spectrum of the azo form
in ethanol, the spectrum in the basic medium resemble the
spectrum of the deprotonated form (high pH). The structure of
the deprotonated form at RB3LYP functional using 6-311++G
(d,p) basis sets in ethanol applying the polarizable continuum
model (PCM) is presented in Fig. 7d. Table-4 compares the
computed and experimental UV-vis spectra of the azo, hydra-
zone and enolate ion forms of the dye. The R? and RMSD
values were calculated for the enolate ion form (R? = 0.996;
RMSD = 3.995 nm). These values indicate a good correlation
and only a slight deviation between the theoretical and experi-
mental spectra. In contrast, the azo form observed under low

45000 16
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a0000| (@) 14/ (b)
Computed spectra of azo dye form of AD
35000 1.2
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Fig. 6. (a) Computed electronic absorption spectra (TD-DFT) of the azo (enolic) and hydrazone (ketonic) tautomers and enolate forms of

AD using DFT, (b) the electronic absorption spectrum of AD (3
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TABLE-4
COMPUTED AND EXPERIMENTALLY OBSERVED ABSORPTION PEAK VALUES OF THE AD DYE MOLECULE
A (computed A (experimental
A-Ethanol (experimental) (computed) - P ( P ) -
Azo Hydrazone Enolate ion Acidic medium Basic medium
.B Cosd el ior ol (oo SLY-ED i 2LOK i, 217.6 nm, 312.57 nm, 339.16 nm, Broad absorption
with peaks at 225 nm, 303 nm, 350 nm, 304.35 nm, 380.99 nm. 522.11 nm 46641 nm eak 300-360 nm 340 nm, 472 nm

broad band centered around 456 nm 357.37 nm ’ > ’ ’ p

pH conditions exhibited a broad absorption peak, making
quantitative spectral fitting impractical. It can, however, be
concluded that good accuracy and reliability are obtained at
this level of theory.

To understand the electronic properties of the molecule in
the acidic and basic medium, the molecular orbitals and their
energy values are presented in Fig. 8. The -* transitions for
the azo, hydrazone and enolate ion forms are observed in the
300-360 nm range. The band at 522 nm for the hydrazone form
has a major contribution from the HOMO-LUMO transition
which is a n-n* transition. The enolate ion form, with a peak
at 466 nm, is a mix of transitions from HOMO-LUMO+1 and
HOMO-1 — LUMO+1. In the enolate ion form, the HOMO is
centered on the vanillin moiety and the LUMO on the nitro-
benzene ring. The energy gap between the HOMO and LUMO
is 3.37 eV for the azo tautomer, 2.82 eV for the hydrazone
tautomer and 2.33 eV for the enolate ion. The molecular orbitals
contributing to the observed transitions, the excitation ener-
gies, coefficients, wavelength and oscillator strength for the
major transitions are presented in Table-5. The computed and
experimental spectra correlate well.

Acid-base titrations were performed to assess the suita-
bility of the indicator for a strong acid vs. a strong base titrat-
ion. Titrations of various concentrations of HCI and oxalic acid
against NaOH, as listed in Table-6, were performed to ascer-
tain the suitability of the AD molecule indicator in dilute and
concentrated solutions and at various acid-to-base ratios. A

comparison was made with phenolphthalein as an indicator.
A strong acid vs. strong base titration has a sharp end equiva-
lence point near pH 7. The most suitable indicator for this
titration should have a pKa value close to the equivalence point.
The pKa value of AD in 10% ethanol is found to be 6.72 + 0.02
by the method proposed by Fan et al. [55]. The colour stability
of the indicator was also determined. Consistent results were
obtained using AD compound as an indicator. On applying the
t-test, no statistically significant variation was found between
AD and phenolphthalein indicators in the volume required for
neutralization, suggesting that both are reliable.

Conclusion

In this study, a new compound, (E)-4-hydroxy-3-methoxy-
5-((3-nitrophenyl)diazenyl)benzaldehyde (AD) and character-
ized with CHN analysis, NMR, FT-IR, HR-MS and DFT
calculations. The dye exhibits a distinct, reversible colour change
in response to pH, which is driven by the processes of proto-
nation and deprotonation at the phenolic group. This alteration
in electronic structure, validated by both experimental findings
and theoretical models, provides the dye with a consistent and
predictable response suitable for acid—base titrations. Azo dyes
are widely used as indicators for weak acid—strong base titra-
tions, offering sharp and distinct end points. Compared to
phenolphthalein, which is colourless in acidic and near-neutral
solutions and only develops a pink colour above pH 8.3, the
synthesized dye provides a distinct yellow-to-orange transition
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TABLE-5
EXCITATION ENERGIES AND OSCILLATOR STRENGTHS OF MAJOR TRANSITIONS
OF AZO, HYDRAZONE AND ENOLIC FORMS OF THE DYE AD MOLECULE

Molecular orbitals involved in transitions Excitation energy (eV) Wavelength (nm) Coefficients Oscillator strength
AD (Azo tautomer)

Excited state 2: Singlet-A 2.8068 441.72 0.0572
78 — 79 0.68381
78 — 80 0.14542

Excited state 5: Singlet-A 3.4693 357.37 0.7977
77— 79 0.55503
77 — 80 0.42662

Excited state 11: Singlet-A 4.0738 304.35 0.2537
77 — 81 -0.24075
78 — 81 0.64182

Excited state 14: Singlet-A
77 — 81 0.63203
78 — 81 0.2538

Excited state 17: Singlet-A 4.6091 269 0.1353
73 — 79 0.48743
73 — 80 -0.42535
74 — 79 -0.13811
74 — 80 -0.16432

Excited state 26: Singlet-A 5.6524 219.35 0.152
73 — 81 0.1496
74 — 81 -0.18952
77 — 82 -0.16801
78 — 83 0.60758

Excited state 28: Singlet-A 5.7142 216.98 0.1526
69 — 79 0.11777
73 — 81 0.45933
77 — 82 -0.38281
77 — 83 0.1689
78 — 83 -0.22962
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AD (Hydrazone)

Excited state 1: Singlet-A 2.3747 522.11 0.1811
77 — 79 -0.12539
78 — 79 0.69564

Excited state 4: Singlet-A 3.2543 380.99 0.689
77 — 79 0.6774
77 — 80 -0.13858
78 — 79 0.12479

Excited state 9: Singlet-A 3.9667 312.57 0.3178
73— 179 -0.14864
74 — 79 0.11292
77 — 81 -0.10496
78 — 81 0.66055

Excited state 13: Singlet-A 4.3321 286.2 0.1263
73 — 79 0.12621
74 — 80 0.67717

Excited state 29: Singlet-A 5.6976 217.61 0.1619
66 — 79 0.22479
69 — 79 0.23068
74 — 83 0.13503
77— 82 0.40603
77 — 83 0.21505
78 — 83 -0.1032
78 — 85 -0.35198

Enolate ion (AD)

Excited state 4: Singlet-A 2.6583 466.41 0.4093
77 — 80 -0.12898
78 — 80 0.69036

Excited state 8: Singlet-A 3.6557 339.16 0.4193
76 — 80 0.6635
78 — 81 0.20766

Excited state 10: Singlet-A 3.8299 323.72 0.6177
71 — 79 0.15871
74 — 80 0.14521
76 — 80 -0.19914
78 — 81 0.62131

TABLE-6

TITRATION DATA FOR HCI AND C20sHz vs. NaOH (STRONG ACID vs. STRONG BASE
TITRATIONS) USING PHENOLPHTHALEIN AND DYE AD AS AN INDICATOR

Average volume of the

" 95% Confidence interval
Indicator

Colour before the

Colour at the

Colour stability

NaOH solution(mL) + SD for mean difference endpoint endpoint
0.01 N HClI against 0.01 N NaOH (calculated)

9.0+0.0 AD +0.00 Yellow Orange Permanent

9.0+0.0 Phenolphthalein Colourless Pink Permanent
0.1 N HCl against 0.1 N NaOH (calculated)

8.87 £ 0.05 AD +0.08 Yellow Orange Permanent

8.9+0.0 Phenolphthalein Colourless Pink Permanent
0.5 N HCl against 0.5 N NaOH (calculated)

8.26 + 0.057 AD +0.09 Yellow Orange Permanent

8.23 + 0.057 Phenolphthalein Colourless Pink Permanent

1 N HCl against 1N NaOH (calculated)

9.2+0.0 AD +0.08 Yellow Orange Permanent

9.17+0.05 Phenolphthalein Colourless Pink Permanent
0.1N HCI against 0.2 N NaOH (calculated)

46+0.0 AD + 0.04 Yellow Orange Permanent

4.58 +0.02 Phenolphthalein Colourless Pink Permanent
0.1N HCI against 0.5 N NaOH (calculated)

1.8+0.05 AD + 0.06 Yellow Orange Permanent

1.8+0.0 Phenolphthalein Colourless Pink Permanent
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0.01 N H2C204 against 0.01 N NaOH (calculated)

8.17 £ 0.05 AD +0.08 Yellow Orange Permanent

8.16 £ 0.05 Phenolphthalein Colourless Pink Permanent
0.1 N H2C204 against 0.1 N NaOH (calculated)

8.8+£0.0 AD +0.00 Yellow Orange Permanent

8.8 £ 0.00 Phenolphthalein Colourless Pink Permanent
0.5 N H2C204 against 0.5 N NaOH (calculated)

10.33 £ 0.057 AD +0.09 Yellow Orange Permanent

10.37 £0.05 Phenolphthalein Colourless Pink Permanent
0.1N H2C>0sagainst 0.2 N NaOH (calculated)

5.05 + 0.057 AD +0.09 Yellow Orange Permanent

5.075 = 0.05 Phenolphthalein Colourless Pink Permanent
0.1N a H2C20sagainst 0.5 N NaOH (calculated)

1.95 + 0.057 AD +0.06 Yellow Orange Permanent

1.9+£0.0 Phenolphthalein Colourless Pink Permanent

beginning near neutral pH and maintains consistent endpoint
visibility across a range of acid—base titrations, making it a
promising and potentially more versatile alternative for certain
analytical applications. This study demonstrates that the minor
structural changes such as nitro substitution and the addition
of an aldehyde group, can finely tune the colour response and
solvent interactions of azo dyes. While the findings highlight
the AD dye’s potential, the study was limited to the controlled
laboratory conditions without evaluating long-term stability
or interference from other substances. Future work will focus
on enhancing pH sensitivity, improving stability under light
and heat, and integrating the dye into practical formats like
films, test strips or sensors for real-world applications.
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